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111 the jiast IVav years tli(‘ I'mietioii of tlie heart in liilnd-iiatioii 
has ret'eived ('oiisididdihlc* attention. For exaiii])le, it has been 
shown that th(*re is a mark(‘d (hxdine in lieart rate before a 
deeline in eoia^ teiiijieratnre wln-ii tlu^ animal starts to (niter the 
hiliernatinn- state (Lyman, DoS). In hiliernatioii, the lieart rate* 
may vary ^n-etdly witli no aiiparinit elianyes in body tem])eratnr(* 
(Dawe and iMorrison, Ddo ; Lyman, U)5S). On arousal from the 
liiliernatinji' state the heart rate* inenaisi's jirior to a ehaiige in 
body temperature (Lyman and ('hatfield, DoO, and ndVrences 
aliove). Th(*se observations .sn»-^'(‘st that ther(> must be important 
ehann'es in the eirenlation dnriinjr tln^ liilnn'iiating’ eyeh* and tliat 
measurements of th(>s(‘ ehaim‘(‘s mig'lit g'ivt^ further insiglit into 
tlie i)lienomen()ii of hiliernatioii. 

Altlioiigli some measimnnents have liecni made on the blood 
])iTssnre of mammals waking- from hibernation ( Dubois, 180(5 : 
riiatti(dd and Lyman, Dot); Ohao and V(di, lOol) nothin^' has 
beem reported on the blood iiressnre of mammals (other entering- 
the hih(*riiatin^- state or in natural, deep hibernation. The teeh- 
ni(pie developed by Still and AVhiteomb (LhKi) for ehronieally 
intubating- tin* aorta of small mammals gave tin* opportunity oi' 
measuring the blood ]ir(*ssnre of hibernators over long pi'i-iods 
of time. .M(>asnremeiits eonld be inad(* as tin* animal ]iassed from 
the active eondition into hibernation, as it remaiin*(l in hiberna- 
tion, and as it arons(*d from tin* hibernating stat(*. The tula* als(» 
offer(*d a nn*ans of introdin-iiig drugs of known pharmaeologieal 
(‘ffeet into tin* eirenlation at any point (luring the hibernating 
eyele without disturbing the animal. Fsing in-(Lvelling thermo- 
eonph's and el('(*tro(les. tin* body tem]K*ratnre and the eh*('tro- 
eardiogram (FI\(1) (-onld lx* monitor(*d eoneiirrently with the 
blood pressure. 



1 This research was su|»i)orted in part l»v tiie 1'. S. Air Force imder contract 
no. AF41 ((F.7)-n)(> and in part by F. S. P.Tr. irrants nos. K(}-.^ii;)7 and KG-5(;i1. 
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This ]tfit)(“r is a (h'S(‘vii)tion of tlie ehaiiges wliieli take place in 
th(‘ Ihood i)ressure, liody temperature and EKG during the 
lii!)ernating eyel(‘ of the thirteen-lined ground squirrel {Citdhis 
tridicaulim atus) , and the effect of drugs during various parts 
of this cycle. 

^Materials and i\[(>thods 

A total of 47 ground s(}uirrels were intubated for this study. 
Of th(^s(\ five yi(‘lded satisfactoiy I'ccoials of the various pliases 
of tin* normal hibernating cych^ and seven others were used 
successfully in tin' study of the eff'cct of drugs on the circulation 
diii'iiig hibernatioiF Of the former, continuous I’ccords of 2 to 
S days were obtained from singh' animals. The animals were 
ke]U in individual cage's in a cold room wliie-h was maintained 
at b 04 (\ ndiey wenv given shavings for Ix'dding and Turina 
laboratory ('how and water ad libitum. Animals which had hiber- 
nated ov('r ])rotraet('d jx'riods of time were usc'd ])referentially. 
Prior to intubation, the animals were aroused in a warm room, 
and tin'll ain'sthetize'd with an intrajH'ritoin'al injection of pento- 
barliital sodium (SO mg/kg). Tin' aorta was t'xposed by an 
abdominal incision. A small slit was made in the vessel about 
1 cm ]>osterior to the la'ual arteri('s and a thin ])oIyethylcnc tulx* 
I PE 10, 11) .2S mm, Ol) 0.6 min ), bevelled at the end, was 
ius('rt('d into tin' slit and pushed rostrally l.b cm. Xo modifica- 
tions were made in the t('('hni<jue descrilu'd by Still and AVhit- 
comb (lObb) exce]>t that tin' instrunn'nt used to make the slit in 
tin' aorta was a curvt'd Hard Parker bladi' (size 12), ground 
t(» O.d mm width and sharpened to a in'edle-like ])oint. Once 
tin' tub(' was fasti'in'd in ])lac<' with a tie to the muscles of tin' 
back it was tilh'd with hejiai'in-saliin* (25 mg heparin /10 ml 
|)hysiological sailin') and closed at tin' distal end with a knot. 
Th(' abdominal incision was closed and the tube anchored again 
with a ti(' at th(' (‘andal ('dg(' of the incision. The tube was then 
led subentaneoiisly to an ('xit between the scapulae, and fastc'iied 
to the skill of tin' back. Tin' animal was given 40,000 units of 
procaine jienic'illin and n'turned to its (‘age in the cold room. 

If intubat('d animals wer(' o])serv('d to re-(‘uter hibernation, 
tln'v were remoxx'd in the hib(*rnating state and fitted with one 
or two th('nno('on])les made of 24 ga. iron and constantan wire 
individiiallx- i)rot('('t(‘d with PE 10 jiolyethyh'iie tubing. Psnally 
one t h('rmo('oupl(' was fastein'd subentaneoiisly in the region near 
th(‘ In'art and the other fasti'inal intrajn'ritoneally at the mid- 
abdoiiK'n. Tin' therinocouph' wires were led subcutaneously to 
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llu* (‘xit llu‘ sc'apiiljK'. 'I'lii’ci* silviM* wire electrodes \ver(‘ 

sewed into the skin of the haek. The tube from the aorta w'as 
spliced iisin^' a si'etion of #127 hyiiodermic needle and a long 
piece of PK 10 tubing. All wii’i^s and the tiibi' were passed 
thi‘ongh a helical spring for protet'tion, and the sjiring- wais s(‘wed 
to the bark where th(‘ tnlu' and thermoeouph' wdn^s made their 
(‘xit from the animal. 

'file gi-onnd s([iiirrel was jilaei'd in a round battery jai' meas- 
uring 21^ cm in dianietei' with food and waiter and tlie bedding 
Trom its cage. Tin* lu'lieal sjiring was led tlirougb a wire screen 
which closi'd the toj> of the jar and was susiiended with an 
elasti(‘ band so tlmt the animal could move freely in tin* cage 
without being both(*red by the cable. 

Throughout the chronic (*xperiments, t(‘mpi*ratures from heart 
and abdomen were each recorded every thirty-two seconds on a 
Peeds and Xorthrui) Speedomax thermoelectric recorder ivith an 
accuracy of ~0.2.W. The EKtl and blood pressure ivere ob- 
tained every four minntes, for a jieriod of one minute. 

Plood ]n-essure was measured directly from the polyethylene 
tube using a iStatham P2dl) pressure transducer.^ This was 
amplified with a (Jrass lo\v-level DC iireamiilifii*!*, model oPlA, 
and Polygraph D(^ driv(>r amplifi(*r, ino<lel Various sensitivity 
settings w(*r(* used during the experiments and a drift of as much 
as 2b mm llg. could take ])laee in a twa'iity-four hour period. 
However, the mai'liine was calibrated at least twuci* a day, and 
more often when exact ineasurenu'iits W(*re reipiired. bdius the 
accuracy did not vary more than ± b mm Ifg which is a slight 
change comiiared to those which actually took jilace in the blood 
pressure. In order to j)rev(*nt clotting in the tube, a flow of 
heparin-saline (O.b mg/ml ) of apjn'oximately O.b ml jier day was 
perfused through the tube by means of a slowly driven screw - 
drive syringe. 1 because it w'as possible that the length of the 
l>olyethyh*ne tube might seriously affect tin* recorded pulse pres- 
sui*(‘, vai'ious l(*ngths of tubing were tried under knowui eondi- 
tions of blood pi‘(*ssure. It w'as found that, within the conditions 
of the experiment, neith(*r the varying lengths nor temperatures 
of the tube's made any apju’eciable differences in the blood pres- 
sure measurements. 

The apparatus was kept running day and night during the 
iiK'asureuK'nts. At various times, records were obtaiiu'd of ani- 
mals in the ae'tive ('ondition in the cold, during the jiroeess of 

“ Stathani Iiistrmiit»nts Inc., Los Angeles, (’nlir. 

•MJrass Instrument Co., (^iiinc.v. Mass. 
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Filtering- hiberniitioii, in tlu* Iiibernating state, and arousing from 
liihernation. In the experiments using drugs, the agent was in- 
tn)dne(*d into the animal via tln^ iiolyethylene tube. In all eases, 
the aiiproximate dose was determined by giving graded doses 
of the ilrng in (jnestion to intubated, nembutalized rats. Awake, 
intnbatt‘d ground scpiirrels were givcai doses below those which 
atl'eeted the rats, and the dosi^s w(U-e increased until some effect 
was noted. Subse((uently, a comparable do.se was used initially 
in each experiment and increased gradually if no effect was 
noted. Periodically, tests were made to be sure that the same 
amount of he])arin-saline solution did not produce a similar 
result. In order to ])rodnce vasodilation individual doses of 
a<*(‘tylcholine chloride (iNIc'rek'*) varying from 0.15 to 1.2 mg/kg 
were giv(m v-liile Pxmodaine hydrochloride .Merck‘S was given at 
S to 41 mg/kg. To produce vasoconstriction 1-Norepinephrine 
(L(‘voiihed bitartrate, 0.2';', Winthroj)) was used in concentra- 
tions of (i to 44 gg/kg. 



Kesults 

The normal non-hibernating ground s(piirr(*l in the cold main- 
lained a fairly sti^ady Inxart teiipxn-ature of 07 -1 P. The ab- 
dominal t(‘inp(‘ratnre averaged 0.5 to T(' IxOow the heart 
teiipx'ratnrcL Plood j)r(‘ssure and heart rat«‘ varies! considerably, 
(l('i)ending childly on the activity of the animal. Often the heart 
i‘at(‘ was ri'dnced as much as one-half in a few six-onds, accom- 
paniixl by a reduced blood ])re.ssure and an increasi* in pulse 
pressui-e. 'riiough this occurrisl invariably if tbi‘ animal were 
alarmisl, it also took jVlace foi* no apparent reason. Over ]>eriods 
when two animals failed to hibernate for several days tbe mean 
))lood pri^ssuri's averaged 110 mm llg, but th(‘ higbest tnean 
lu'cssun* was 15S and thi' lowi^st was 7(i. Highest systolie and 
lowest diastolic })ressnres were about 20 mm llg above and below 
tbese tiguri's. Heart rates from tlii^ sami' obsi'rvations avin-agi'd 
200 beats ])er minute, with a high of 408 and a low of 184. 

Enti-anee into hibernation was usnalh' prei-edisl by some soi't 
of acti\’ity, Toi' the blood pressure and heart rati^ rose ti-ansiently. 
After this i)ei-iod of activity then* was a suddi'u dro]) in heart 
rate, a('('omi)anied by a di'creasc in systolic and diastolic pi-essnre 
(Fig. 11. Although the heart rati‘ might d(‘crease to one-thii'd 

+ W(> iiri‘ <v\( rtMiit'Iy ohlijrtMl to MorcU & Go. of U.-Unvn.v. Now .7crs('.v. for uivini; 
iis tlu' iir(‘l.vlflJoliu(‘. 

■ 2-n-l’ii)i‘ri<lyln2('tli.\i) ], l-lo'iizorlio.vnn hy<ln)cl)lo”i(Io. 
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(>r its oriijiiBil value in tiTtecMi miiiiit(‘s and Hie blood i)r(‘ssur(‘ 
di*op i>i-(‘('ipitoiisIy, still llu' laltiu- remained in tli<' 1 ow(M* ]>art ol‘ 
Ili(' raii,u'(' found in llu' r(‘stin”‘, a\vak(' animal. 

After li(‘art rat(‘ and blood j)r(‘ssui‘(‘ deeliiUMl, tlie body tempei- 
aturi' started to deereas(‘. Often aft(*i‘ a few minute's tlie heart 
rate' a.u’ain speeeleel anel tlie bleieid jire'ssure' re>se. This was fed- 
h)weel by a rise in boely temperature. A se'conel eh'e'line' in heart 
rate' anel blooel jeressure' was a^'ain feilloweel by a drop in boely 
temperature. Althou<i‘h the lie'art anel abdominal temperatiire:'s 
\vere not the same at the beginnino- of the hibei-nating’ state, they 




1. Blood pressure, heart anel abdominal temperature, and heart rat<' 
of ground squirrel entering hibernation. Blood pressure in dark area, is 
highef-t systole and lowest diastole recorded every four minutes for a on<'- 
luiniite period. Xote declines in heart rate and blood pressure, followed 
by body temperature. 

soon became identical and i-emaincd the same until the animal 
was near the temperature of the environment. At this time the 
heart temperature was about 0.5°C above the abdominal tempera- 
ture and remained so Mdiile the animal stayed in hibernation. 

During' the first part of entrance into hibernation, heart rate 
and blood pressure were irregular. Bradyeardia often occurred 
for a fe\v seconds followed by tachycardia, with a concurrent 
decline and rise in blood pressure (Figs. 1 and 2a). As the 
entrance into hibernation proceeded, the pattern of the heart 
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rate l)eeame iiuo'e n*gular, and the linetnations in blood pressure 
beeanie less prononneed. Tims, Mhen tin' heart teiniieratnre 
reaehed the ^raph of hiji'hest systole and lowest diastole 

beeanie inindi more even (Fi^-. 1). Slowing- of the heart was 
aeeoinplished both by quite evenly oeenrrin^' skipped beats and 
by rediu'tion of the evim rate of the heart (Fi^u 2b). Oeeasion- 
ally, while the liody temperature was still dropiiin^-, the heart 
rate ineiaaisi'd transiently and musele aetion potmitials appeared 
on the EKd. An increase in heart rat(‘ and a rise in lilood pres- 
sure oeeiirred at the same time (Fig-, da). kSucIi transient Imrsts 



/-/s/i/rr 












-/ro 

-/3S- 



D \ \1 \J\i \|^ M \J \|NJ \l \{ \1 \J \l \j \J 



4- 



/O 









Fig. 2a. 1 Uocxl pressure and FKG of same animal starting to enter 

liihernatio)!. Note uneven pattern )>eats. Time: 4:2<1 pun. = 1H» liours 
on Figure 1. 

F-g. 2 It. Sanu‘ animal later. Note even p)attern of l»eats and skipped 
l)eats. 

of activity oeeurreil at niipredietal)l(* intervals and nsnally lasted 
too short a time to cause any diffeiamee in the decline in body 
temperature, bnt occasionally they tvere of longer duration and 
aetnally resulted in a lirief rise in liody temperature. Also as 
liibernation deepened, the heart rate liecame sloM’er and the ptdse 
pressure increased (compare Figs. 2a, 2b and da). These changes 
Avere accompanied by a slight lengthening of systole and an 
increasingly long diastole (comiiare Figs. 2 and 3, a and b). 
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Tlh' m;u-k(Hl iiK‘r('as(‘ in tin' of diastole* indicated an 

iiKM-e'asc in pe'iapln'i'al i-('sistaii(M* as liilx'i'nal ion dia'pened. Bo- 
('ansc tin* syslolie* jercssina' vai'i(*d greatly, it \vas ]>ossil)le to 
(‘oini)ai’(‘ tli(‘ rate of diastolie* lainoff from tlio same* systolic, pres- 
sure at all sta,u'<*s of the ('iitranee* into ]iil)crnation. Tf the increase 
of the anule* Avliiedi tin* diastolic j)i’(*ssnr(* made M'ith the per- 
l)endienlar Avas plotte'd a.uainst t(*m])eratnr(*, the result Avas almost 
a strai^’ht line. 
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Fi}j. 3a. Saiiu* tiuiiual as in Figure ' 1 , s!uiwiii<i' transiont iiu-rease of liearl 
rate at low bo<ly teiniieraturo. Xote muse-le action potentials on FKG. 

Fig. 3b. ►Same animal, now in eleep hibernation. Blood pressure tube 
slightlc pluggeil. Blurring of EKG is electrical artifact. 

Ill deep hibernation, two or more heart beats sometimes oc- 
curred quite close tog’ether folloAved by a long diastole. In snch 
cases the second heat occurred before diastolic pressure had had 
time to drop markedly, and the next systolic pressure Avas higher 
thari the first ( Fig. 9e). This implies that there Avas considerable 
blocd in the heart after the first lieat. At other times the heart 
rate AA’as fairly regular, though it Avas iieA^er absolutelA" even. 
In this case systolic pressure rose to about the same height Avith 
each beat, and the drop in pressure during the latter part of 
diastole AA^as so sIoav, as the blood pressure approached zero, that 
diastolic pressure remained extremely even. In the whole series 
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of records the systolii^ iiressiire varied lietMcen UO aud 40 mm JIji' 
and tii(‘ diastolic between 40 and below 10 mm with heart 
temiMn-atnres Ixdween d and 8.14' C. Tlie lowest precise record 
of diastolic i)r(‘ssnre was 7 mm 11|^\ Very lon^‘ term records of 
animals in hibernation wm-e not made, bnt heart rat(*s as low as 
tlire(‘ beats per minute were ret'orded. 
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Fis. 4n. Another animal enterin';' liihernation. Evenly ocenrrino- elev- 
Irical depolarizations with little or no change in pulse pressure. 

Fig. 4b. Extra systole with no change in pulse pressure. Kates measured 
by EKC5. 

Occasionally, as the animal entered hibernation, or when in 
deei) !iibm-nation, complete se<inences of myocardial depolariza- 
tions were recorded with little or no chang'e in pulse pressure. 
These sometimes occurred at fairly evenly s}>aced intervals (Fig. 
4a) with slight changes in the configuration of the EKG, and 
at other times took the form of extra systoles (Fig. 4b) with no 
change in pulse pressure. 

Fomplete records Avere obtained of animals which were stimu- 
lated to arouse from the hibernating state (Fig. d). In some 
cases the animals were stimulated by poking, bnt in animals 
which were fitted only with a heart thermocouple arousal was 
initiated by inscn-tion of a rectal thermocouple to a depth of 
2.5 cm. 
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As soon as tli(‘ animal was distiirhcMl, tlie lioart rate* inereasod 
and liastoh' was markedly sliortened, ^dn' iiK'rease of heart rate 
Mas aeeoinpanied by tin* a))|)(‘araii('(‘ of mnsele action ])otentials 
. I'i”;. (in'). Tlies(‘ ('lian^('s W(‘r(* often observed M’ithin two or 

tliHM' minut(‘s aft(n* application of tli(* siiinnlns. Later, systolic 
and diastolic* prc'ssnivs rose* and the h<‘art betian to warm 
bb). 




Pi^-. -■). Animal wakino- from liit»ornation, ^rapheil as in Figure 1. 

As arousal coiitinned tin* heart rate* became moi*e rapid, tin* 
blood ]n*(*ssnre rose and violent shiveriii«: could be seem in tin* 
anterior ])art of the animal. Althou^'h the plot of the hig-hest 
systole and the loAvest diastole does not slnmv it clearly (Fio*. b), 
the pulse prc'ssure Avas considerably reduced (Fi^*. 7a). During: 
this time tin* tem]K*rature of the heart and the anterior part of 
t n* l;ody increased rapidly, vdiile the abdominal temperature 
iemaiin*d nearly static (Fig. o). 

As the heart temperature approached oT'C', the abdominal 
temperature started to rise and the blood pressure and heart 
rate usually, but not invariably, dropi>ed from the extreme* 
heights to M'hich they had climbed tFigs. 5, 7a and 7b). During 
this time diastolic runoff was more ra]hd, indicating a decrease 
in peripheral resistance. The abdominal temperature rose rapidly 
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Fig’. C):i. Saiiu* animal ns in Figure ."). Xote luiivsts of muscle action 
imtentinls in EK(i. Time: minutes after animal was picked up. 

Fig. <»1>. Same animal. X’^ote increase in systolic pressure, heart rate and 
muscle action potentials. 
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Fig. 7a. Same animal, before posterior has warmed. EKG discontinued 
because of fast rate and blurring l>y muscle action potentials. 

Fig. 7b. Same animal. Posterior now warming. The even variation in 
blood pressim' is caused by respiration. 
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an<l within to lioiirs at'tio* tlie initial stimulus the 

animal was eomiileti'lv aroused. For an hour or more after this 
the h(‘ai‘1 and reetal t(miix*ratnres avera^’ed at h*ast a deiiiM'e 
above that found in the normal, awake animal. 

A siinjle nx-oi-d of an animal whieh started to arouse spon- 
taneously at :‘10 a.m. showcxl the sam<‘ seipience of events, 
with h(‘art rate' and blood ])r('ssnre risin<i- lad'orc* heart tempera- 
ture. 




Fi^. 8. Graph of partial waking and re-entranee into hibernation, as in 
Figure 1. 



(leeasionally duriu”* the wintei- months an animal, when stim- 
iilatc'd during- hib(‘rnation, started the arousal pi-oeess, but did 
not ('omi)h‘te it and returned to the hibernating' state (Fi^’. 8). 
In these eases the arousal was precisely as described above, with 
a rapid i“ise in heart rate, blood iiressnre, temperature, and 
l‘re(jiiency of museh* aedion jiotentials. Quite suddenly, however, 
the heart s1ow(h1 and the iniiscle action potentials were reduced. 
Periidieral resistantM* increased, as measured by the slo])e of tin' 
diastolic runoff time as described above. The blood pressure' 
di'opped, blit not as rajiidly as tin* decrease in heart rate. As the 
animal re-ent('i-('d the hibernating- state, the heart temperature 
declined slowly and the abdominal region, which bad remained 
cold during the transie'iit iieriod of arousal, rose slowly to nearly 
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llio t('in|)i'riitiii‘(‘ of tli(' l](‘ai’t aod tlioii cl«'(‘lin(Hl Avitli tho hoart 
taijjporatiiro. 

Keaetioii to Di-ii^s 

WliFii tli(‘ (‘xparinieiits witli druiis ^vai'o Ix'j^iiii, it was ai)])an*iit 
that tli(* licai't of tli(* hil)(‘ri]atiii,u' animal was (‘xtrcmely sonsitiv(' 
to Ii<jui(1s introduced via tin* intnl)ated aorta. As little as .07 nd 
pliysioI()^i(‘al saline introdne(*d (piiekly oeeasionally eaus(‘d a 
sliiiht transient inei’ease in beai’t rate. For this reason the etTia-t 
of tin* drug's w'as i-epeatedly eln^eked against control injections of 
salim' solution. Althonjih the satm^ drn^' was ot'tim ns<al several 
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Fiy. thi. l*ulse iirets.siire in deep Iiilteriiation. 

Fig. Ob. Pulse pressure after at-etyk-holiiie. Note faster diastolic riinolT 
from slightly lower systolic i>ressure than in Figure On. 

Fig, 9c. Pulse pressure in deep hibernation. 

Fig. 9d. Pulse pressure after Benodaine hy<lrochloridi-. Note faster 
diastolic runoff from same systolic pressure. 

times on a single animal, every experiment was repeated on at 
least two animals. 

As mig'ht he expected, fairly large doses (0.13 to 0.9 mg/kg) 
of ac(‘tyl(dioline were necessary to override the presence of 
elndin(‘st(‘i’ase in the awake ground squirrel and cause a clear-cut 
»*ff(‘et. ()nc(‘ 1h(* eff(H'tive dos(‘ \vas i-eaehed, tliei-e was a dro]t in 
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l»lo()(I pressure and a e()iu})('iisaloi*y iiiereas(‘ in heart rate ot‘ 
da to 70 p('r e<Mi1. There was no observed bradyeardia eanseil by 
this diai^‘. 

Similar dosi's prodma'd a marked (dfeet on tlu‘ hiliernatin^ 
animals. This eh7‘et eonsisted of a rajiid deeiauisc* in ])erii)heral 
resislaii('(‘ eonj)led with a ris(‘ in heart rate. Unlike tlu‘ situation 
in th(‘ awake animal, the systolic and diastolic blood jiressiire 
show(‘d little oi' no ehan^-e dni'in^- this time (Fi^s. 9a and 9b). 
If tin* infusion of aeetyleholiin* was I'ontinned, the heart i*ate 
increased further and the animal started the |)i‘oeess of arousal. 
Althonji'h tin* lon^‘-term effect of ac(*tyleholine is ty])ieal of a 
normal arousal, we were not abb* to determine whetln*r this drii^‘ 
is actually the nenrohuim*i-al a^(‘ut which nu'diates the wakiiifr 
])i-()c(*ss. It is i)Ossible that vasodilation and speediiif^' of the 
lu'ai-t W(*r(* in thems(*lv(*s as much of a stimulus to wakiufi' as 
would be an externally ap])lied jihysic-al stimulus. llow(*v(*r. 
within the dose ranyn*s used, short-term. ra])id injections of 
acetylcholine did not cause arousal, while one shar]) mechanical 
stimulus almost invariably produced this result. 

Aeetyleholiin* had ajiparently no effect on the distribution of 
blood oin'c arousal was fully underway, for doses as lar^e as 2.8*J 
m»' k^' failed to cansi* a change in tin* blood ])ressur(* or a rise in 
the abdominal t(*mp(‘ratur<*. 

llenodaiin* liydroehloride was (‘hosen as an adrenergic blocking 
agent ralln*i‘ than 1 )ib(*namine hydrochloriile M(*rck or other of 
the better-known di'Ugs b(*caus(* its etfeet is of short duration 
(tiooilinan and (Tilman, 19oS). In low doses tin* primary effect 
of this drug was a speeding of tin* heart ami a resulting rise in 
blood pi'(*ssure in both the awake and hibernating animals. Larger 
doses caused a dro]) in blood pressure in the awake animal ab 
though tin* ln*art rate was increas(*d. lu the liibi*rnating animal 
doses of S..7 to 2b mg/kg caused a marked decri'ase in diastolic 
I'liuoff time along with an iner(*ase in lieai't rate ( Figs. 9(- and 
!M). 

Xor(>piin‘phrine infusi'd rapidly into the active ground S({uir- 
r<*l eaus(*d a rise in blood pn*ssure, an increase in ])iilse ]n-essure 
and a slowing of tin* heart which was jirobably compensatory. 
In ('ontrast, the effect of this drug on tin* hibernating animal in 
doses of () to 20 ;j.g/kg was an increase in heart rate and ])ulse 
pi*essui‘(* and a ra|)id rise in blood pressure, lleeause of this 
i-a|)id ris(*, sufficient comparative m(*asurements of diastolic run- 
off linn* could not lx* imuh*, but tln*r(* was no evidence that p(*ri- 
pln*ral i‘(*sistam'(* was increased by nor(*])iin*phriin* diii-ing hiber- 
nation. 'Pin* rise in ln*art rate and increase in pulse* i)r(*ssni-(* 
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alone were enoujili to aeeoiiiit for the initial rise in blood pres- 
sni-e. 

Xor(‘])inephrine at doses of 17 to 44 was also introduced 

into animals diirin<»- arousal, wlnni the heai't t(nni)e]-atiire had 
i‘(*aeh(Ml 1)7 (' and tln^ t(nni)erature of the posterior part of the 
body had started to rise. At this time the drug- caused an im- 
mediate* rise* in bleuxl pi'essui-e, and the* abeleeminal temii)erature 
e'e*ase*el rising' anel re*maine*d le*vel feer one minute e)i* more. After 
this time the* bleeoel pressure re*sumeel its ori<i‘ijial lewel and the 
abde)nnnal ai‘e*a a«'ai]i started to warnn It was ne>t possible to hold 
the blood iiressure at tlie high level or sto]) the alulominal region 
fre)in waianing e)ve*i“ long ]x*rioels e>f time in s])ite of the infusion 
e)f lai*ge amounts e>f ne)repine*phrine. lIowe*ver, the abde)minal 
tern j)erature* could be made* te> rise in a stej)-wise fashion by 
})(*rioelie‘ introdue-tions e>f norepinephrine into the l)le^odstream. 

Dise'ussion 

Iveeeerels of ble)e)d ])ressure in any stage of hibernation are 
scanty, anel neme* have* been repoi’ted on Jiiammals entering hiber- 
natie)]] eer in the undisturlied liibe*rnating state, Dubois (18!MD 
re*])Oi'teel ve*ry h)W blooel pressures after the eannulation e)f the 
careetiel arte*ry in the hibei'natiug marmot, lllooel pressure becajiie 
highe*r as the* aniinal aroiise*d fre)iu the hilternating state, but 
Dubois diel ne)t trace* the* e*hange*s elui’ing the arousal ])]*oeess. 
riiae) anel Yeh (1951) measure*d the blexed ])ressui*e* of hiber- 
nating heelge*hogs by acute eannulatieen e>f one carotiel artery. 
The* e'enielitions e>f the e*x})eriment we*re very different fi*om those 
de‘seribe*d he*re*. as the animals were strap])ed to a board thre)Ugh- 
out the expei‘ime*nt. Tlie*se authors re*])e)rt that the eai'otid 
ai‘tei‘ie*s we*re e'omplete*ly blooelle*ss during hibernation, which is 
ce'i'taiidy imt the case* in hibeiaiating roeleiits. 

rhattie*lel anel Lyman (IDoO) me*asureel the bh)e)d ])ressure of 
hamste*i-s ai‘e)using from hibernatiejn by acute*ly eannulating a 
e-areUid artery. The* ee)nelitie)ns e>f the e*xperiments were com- 
l)arable te) those re*]>orteel here fe)i- the process of arousal, except 
that Ihei-e was a time lag e>f 25-2)5 minnte*s to perfonn the eannn- 
latie)]E ’'Phe results differ in that the rise in blood ]n-e*ssure* was 
mne-h me)re* ra])iel in the- luunster, but eliel ne)t reae*h the high 
])re*ssnre*s e>bse*i’ve*el in the waking gre>unel sepiirrels. The e)bse*r- 
vatie>ns e>n hamsters shonlel be* i-e*j)eate*el using ehronie intubatieuE 
ne)t eenly to clarify this elise're*pane'v, but alse) because the varia- 
tie>ns in the physiology of hibe*rnation in these two species should 
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sn])})ly iiiterostiii^' ('()in]>ai‘isoi]s on tlit* (‘onditioii of the eii*eiila- 
tion. 

As far as the ])res(‘iit i-('siilts are eoiieerned, it is appar<‘ut that 
liier(‘ is a deer('as(‘ of lieart rat(‘ and hlood ])ressiire as the gToinid 
s<iiiiiTel (Miters hil)(M-nation, and that tliis deerease oeeiirs hefori^ 
a deteetahh' decrease* in liody tein])(‘ratiire. The ecjiial teinjiera- 
tnres of h(*arl and aluloinen as tin* animal enters the hil)(‘rnating 
slate indicate that hlood How to the anterior and })osterior parts 
of tin* body is evenly distril)iit(‘d. As body temperature drojis, 
lH*riph(*ral r(*sistance im-reases. A part of this increase in 
l>eriph(*ral r(*sistance is probably caused by tin* increased viscosity 
of the chilling- blood. lfowev(*r, part of tin* resistance* must be* 
caused l)y chang-e*s in the vase'idar bed, for the stimnlns of 
waking, or a vasodilatory or an adrenergic blocking drug, can 
(inickly r(*dnce* the peri])heral resistance liefore there is any 
me*asin-able change in te*m]>eratiire. 

The result of tin* increased periiihei'al resistance and eoncur- 
re*nt rise* in jiiilse ])re*ssnre is that the mean blood jiressiire re- 
mains at remarkably higli levels, even with a heart rate of only 
three or foni* beats per minute in the dee])ly hiliernating animal. 
We* have* observe*d in chille*d. m*mbntalized ground s(piii-re*ls that 
Ihe* p(*i'iiihe*i-al resistance* does not I'ise appreciably as the animal 
cools, nor does tin* pulse pressure increase. The net result of a 
low systolic pressure and a rapid diastolie* runoff time is a ve*]-y 
low mean lelood jiressiire. This may eontrilinte to the early death 
of the* hy])otheriin*(l potential hibe*rnator, while* the* animal in 
natural hibe*rnation may live* for many days. 

The gi-e*at increase in }ieri])ln*i-al resistance with hibernation 
was nn(*xii(*eted. From onr oleservations on the e*qnal rate of 
el(*cline* of tem|)(*ratni-(* in various jiarts of the* woodehnek (T.y- 
man, HloS), we* had jiostnlated that the animal was vasodilated 
as it e'nter(*d hil)e*i-nation. It appeai*ed reasonable that any vaso- 
constriction wonld cause marked differences in temjieratnre in 
various parts of the* body as is observed in the waking hiber- 
nator. The jio.-.sibility of a gradual, evenly disti-ihnted, vaso- 
constri(*tion ove*r the whole body had not even been eonside*re*d. 
It now a])]ie*ars like‘ly, howewer, that the* hemodynamics of the* 
gronnd sejuirrel and the closely re*lated woodehnek during the* 
hibernating eyele are identical, for in both animals the temjiera- 
tnre distrilmtion is the same* on entering and waking from hibe*r- 
nation and in both the heart rate anticipate's any change in 
tennjieratnre. 
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'PIk* hil)(‘niatiiig- thirteeii-liiied ground squirrel is therefore 
])rol)a])ly evenly vasoeonstrieted ov(U‘ its vhole body. Prior to any 
ni('asur(niients of blood pressure in hibernation we had suggested 
that th(‘ ])ink fei*t of the hibernating hamster might indicate a 
eondition of vasodilation (Lyman and (’hattifdd, 19.15). Although 
hilieriiation in hamsters and ground squirrels differs in many 
ways, an alternative explanation for tlie jiink fetd of the hamster 
could l)e th(' eherry-red condition of tlie blood during hibernation. 

44ie presence^ of electrical dejiolarization of the heart during 
hil)ernation with little or no change in jnilse jiressure may be 
explained, in the case of extra systoles (Fig. 41)), by lack of 
tilling time before tli<‘ next b(*at. Wlien dejiolarizations occurred 
at more even intervals (Fig. 4a) some tdfect of tin* deej) resjiira- 
tions of hibernation might have reduced or obliterated the 
arterial j)uls(‘. On the other hand, dc])olarization without visible 
Ix'ats in isolated hearts of the ground s(piirrel (Landau, 191(>) 
and hamst(‘r (Lyman and Plinks, 1919) has been rejiorted, and 
coni])lete uncoupling of the meml)ram‘ i)henomena from the con- 
tractile ]»rocess is at least theoretically ])ossibl(‘ (Prooks <t al.. 
1911, ]). 417). Whatever the explanation, it is int<*resting that 
th<‘ effective arterial pulse in hii)ernation can 1)C ev(m h‘ss than the 
very slow electrically measured heart rate. 

When the hibernating ground squirrel starts to arouse, there' 
is a ra])id rise in heart rate and decrease in ])('rii)heral resistance. 
Similar results may be ])roduc('d by vasodilatoi’y drugs. In 
neitlier case is it i)ossible to tell whether the decreaseal peripheral 
resistance causes a com])ensatory speeding of the heart, or 
whetlier the decrease in peri])heral r('sistanc(‘ and incrc'ase in 
lu'art rat(' occur at the same time. Shortly tlu'n'after. the heart 
starts to warm though the posterior remains cold. 

One is forced to conclude that there is a difP'rt'iitial vasodila- 
tion in the anterior part of the hotly which is a vital i)art of 
the waking i)rocess. That vasodilatorv drugs do not ('ans(' a 
warming of tlu' posterior part of the bo<ly snggi'sts that vascular 
beds of the antt'rior and })osterior ])arts hav(' different thri'sholds 
at this stage in the hibernating eycle. 

Although peripheral resistance is reduct'd as arousal starts, 
the heart is able to maintain the blood ])ressni‘e by inci-easing 
its rate. IiHh'cd, as arousal ])rogresses, the blood jiia'ssnre rises 
and the lu'art rate ineia'ases, in spite of an ever-dec]-('asing jx'ri- 
])h(‘ral r('sistance. Th(' confineimmt of tlu' active circulation to 
the anterior part of the body la'sults in a high blood ])ressui*<' and 
an efti('i<'iit and rapid warming of this ar<'a. In conliaist, if an 
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s((uiiT(‘] is giv(‘ii acetylc'lioliiK’, llic i-esnll is a dro]) 
ill blood ]>r(‘ssiii‘(‘ (*V(‘ii tliouuli tlio licart may almost doiilib' its 
rate. l^]vid(Mitly the li(*art (‘aiiiiot iiiaiiilaiii a lii^li lilood pri'ssiiiv 
wIk'ii tli(‘ Avliole capillary bed is vasodilated at tlu' same time. 

A similar eonditioii is found in animals during- tlu* latc'r stages 
of arousal from liilx'riiation. Dnriii”' this time tlie jiostc'rior 
])ortioii of tile animal is warmiiii*' rajndly, indicating- an niin*- 
strieted blood tlow. The blood ])ressnn*, wliicli ri'acdied its lieiglit 
when the anterior jiart of tlu* body was still warming, now 
decn*ases becansi* of the iiicreasi* in the amonnt of oi)en vascular 
b(*d. If nor<*])in(‘phrine is in.j(*ct(*d at this tinu*, the blood pri's- 
sure incr(*as(*s temporarily and the abdominal tenip(*ratnre r<‘- 
mains static for a. short tinu*. One can thus ])rodiic(* with a 
vasoconstrictor the condition wliicdi obtained (*arly in tin* waking 
])rocc‘ss, but this condition (‘annot b(* maintained for long. 

The fortuitous observations of juirtial arousals from liiberiUL 
tion till out the g(*neral iiicture dev(*loped lu*r(*. Tlu* arousal is 
normal until the heart begins to slow and tlu* blood pressure 
dro])s. The fact that the blood pressure does not drop as fast 
as the lu*art rate* indicates that i)eri])beral n'sistance must now 
be incr(*asing in the anterior ]iart of tlu* body. Since tin* i>osterior 
]>art of tlu* body warms v<*ry slowly, (drculation of blood between 
anterior and posterior must lx* sluggish, which emphasiz(*s that 
the jiei-ipheral resistanci* in the latter must be high. 

Tlu* ])icture during tin* hibernating cycle is of a ('iix'ulation 
under remarkably precise* control at all tim(*s. With our ])re*sent 
knowledge vcv can only speculate* about ni(*('hanisms which cause 
the* e)bserved changes. Iloweve*r, it se*ems cle*ar that shifts in 
te*mpe*rature aheiie eh» not me*eliate* the comjeh x interi-elationships. 
Furtl]e*rme)re*, whate*ve*i- is e*e)nti‘e)lli)ig the* he*art, this eergan is 
re'inarkably se'iisitive te> stimuli at all stage's e>f the hibernating 
cycle*. bTirtlier stuely is in pi'e)gre*ss with e>the*r ])liarmace)logie*al 
agents in an atte*m|)t te> e'larify the*se* ]n-oblems. 
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Disrrssiox Koij.oAVixd lymaxts papkk 

StlTTIl iiKpiircd tis to ehan<i‘(‘s in blood viseosity with n^spcHd 
to t(Mu}nn‘attm* ('han4f(‘ as a eontributioii to the blood jn'essiiro 
l)i(dure in hibcn-nation. IjVMAX replii'd tltat l)i*. .Jolin Pappint- 
Ikmiikm' had work(*d on the effeet of eold on tin* vis('Osity of l)|ood. 
I)ut tli(‘ iT'sidts had not beini jnildislied. 

liAXDAP r('inai‘k('d that diastolic ])ressni’(\s ratlnn- than sloju' 
of runoff ('nrv(‘ may lu' mon' eriticad in ('stiinatin.u’ ])(M‘ii>hend 
vasenhir ('hanjiT'. 

(JKIPPIX impiinal about a jtart of an ('h“etro('ardiooT’am 
whieh smaned to b(‘ eycdiik LVi\IAX assured him this was tin 
artifiict |)(M‘iodieally apiiearino’ as a (iO I'yi'h' hnm. (iliTFFIX 
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CurllKM' expi’('ss('(l his iniKizcnuMit at th(‘ liigli ])(M-i])h(*ral r(>sist- 
aiu'('s in liihcniatino- animals; In' Avon(l<n‘(‘(l if tlii' measurements 
retleet(‘(l tlie differeiUM' betAveim art(‘rial ami vimons ])i*(^ssnres 
aeross artm'ioh's and eai)illari(‘s, or a total rc'sislanee of the AN'hole 
(dreiilatory systnn dm' to hi^h visi'osity of the blood, or other 
raiisc's. ljVi\L\X r<'i)li('d tliat. thonjih !)loo<l viscosity eeidaiidy 
eontril)ut('d to ])eripheral r('sistanc(', still the rapid ehan<>'es in 
resistance upon injeetion of dni<*-s or arousal must Ix' dne to 
chan^’i's in tlu' vascnlar Ix'd, since they occur before a ehanj^n' 
in temperature. 

]>A1\T1 H )LOi\IE nV observed that the ]\Iohave ^^roiind scpiirrel 
has the <-apacity of Avariiiiiif*’ the whole l)ody at once or tin' front 
(>nd first. dei)('ndiim’ on the circnmstaiKx's. Usually tin* Avhole ani- 
mal Avai'ins lip at the same rate. 

TjY^IAX sng-^ested that if these animals were vasoeonstrieted 
thron,uiu)Ut during- arousal one could estimate the defi’ree of vaso- 
constriction by ^-ivino- noreiniiej^hrine and notin, ir the change in 
blood })r(‘ssnre and ])eri])heral i-esistanee. 

DAWE impiired as to the status of the ‘‘pink paw jM’oblem." 
EViMAX replied that he noAv believes it is dm* to the cherry-red 
color of the blood of hilx'rnators shoAvinur thron^di the paw snr- 
fa(‘C ; lie no lon<»'er believ(*s it is a vas<alilation phenomenon. 

lUSllOP asked if the heart kec'])s nj) Avith body metabolism. 
EVMAX rejilied that it es.sentially did so, thon^’h an (*xaet cor- 
relation has not lx*('n mach*. lUSlIOP tli(*n further r(*marked 
that a disei*e])ancy b('tAve(*n tin* rate of metabolism and the heart 
rate may ^‘ive data usable in this (*ontext. 

dOllAXSSOX impiired as to lu'art rat(*-p('ripheral r<*sistanee 
n'lationship. EVMAX said that Avh(*n the iiei'ipheral r(*sistanee 
deci‘(‘as('s, th(*r(* is a compensatory inerc'ase in ln*art i‘at(*. In 
arousal, dilation occurs first in fin* anterior end of the body Avith 
a d(‘creas(* in pcri])h(*ral resistance there, lie stated that In* Avas 
not sure Avhich ('ame first, the inereas(* in heart rat(* oi* the vaso- 
dilation. 

MAVEli said that he saAv a Avarmin^- of the ant(*rior end of 
the Aridic ground s(piirr('l on arousal from hibernation, folloAved 
by a steady AA’ave of Avarminii' toAvard the posterior end of the 
body. EY.MAX r(*marked that he did not belic've it Avas a steady 
Avav(*, but rather a sudden dilation and shunting* of blood into tin* 
]M)sterior ])art. This ])lienomenon is not as strikin.u'. In* said, in 
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Ili<‘ j*T()iin(l s({niiT(4 as in the liaiastor. There is a drop in blood 
pressiire eorresj)ondiny to this openin’^' np of th(‘ vessels and 
tile jironnd scinirrel warms very rapidly tln‘i*eafter. ^lAYEK 
stated ill rebuttal that if th(*rmo('onples an* placed along; the 
length of an arousing hibernating animal they warm in s(‘- 
qn<‘ii('(‘, not at once, and the jiattern goes back over tlie animal 
as a wav(* of warming. LYMAX poiiit(*d ont that In^at eondnetion 
could mask changes in blood How. LAXTIAU commentiHl that 
the anterior temperature* eonld fall wh(*n the j)ost(*rior Avas 
warming. 

L\Y\IAX then asked the* grou]) if anyone knew of the possi- 
bility of oth(*r physiologieal conditions in Avliiedi there may be 
comi)l(*tc (‘Icctrieail depolarization recorded without change* in 
bleieeel ])re*ssnre*. HrLLAKl) re*plie*d that he* thought such a 
sitnatiem e)i*e'urre*el in e‘e*rtain e-eenelitions e>f ieinie* imbalane'e*. 
iiame*ly e-ale-inm lack. 



